1. Introduction {#sec1}
===============

Turing the electrochemical property of carbon nanomaterial by structure--activity relationship is a cutting-edge research in material science. Graphene, a wonderful two-dimesional (2D) material, with a honeycomb lattice-like sp^2^ carbon structure differing distinctly from that of other carbon allotropes like diamond, has emerged as an advanced carbon nanomaterial for electronic devices, biomedicals, conducting materials, and mechanical systems owing to its extraordinary physical properties like high surface area, thermal and electrical conductivity, and mechanical strength.^[@ref1]−[@ref3]^ Electron-transfer (ET) reaction is one of the important physical properties that have been achieved in graphene after functionalized with oxygen,^[@ref4]−[@ref6]^ metal,^[@ref7]−[@ref11]^ metal complex,^[@ref12]−[@ref15]^ and redox-active organic species.^[@ref16]−[@ref18]^ Although there has been a significant number of reports on the electrochemical activity of graphene and its related materials,^[@ref19]−[@ref21]^ the pristine-graphitized mesoporous carbon material (GMC) is never reported for any redox activity. Herein, we observe an intrinsic electron-transfer activity of a graphene molecular model, coronene (Cor), after being π-self-assembled on graphitic materials like graphite, multiwalled carbon nanotube (MWCNT), single-walled carbon nanotube (SWCNT), and graphitized mesoporous carbon material (GMC). A specific and highly symmetrical surface-confined redox peak (Cor-Redox) at an apparent standard electrode potential *E*°′ = 0.235 V vs Ag/AgCl was noted.

Coronene, a unique polyaromatic hydrocarbon molecule (PAH) that has a central ring shared with six adjacent rings, is known as a superbenzene molecule that occurs naturally in sedimentary rock and also found in the petroleum refining process of hydrocracking.^[@ref22],[@ref23]^ Its sp^2^ carbon structure has shown a major interest in preparing several π-conjugated organic materials^[@ref24],[@ref25]^ and further electronic^[@ref26]^ and optoelectronic devices,^[@ref24]^ Li-ion batteries,^[@ref27]^ and electroluminescent applications.^[@ref28]^ Owing to its complete planarity and symmetric graphitic structure (*D*~6~*~h~* symmetry), it has been referred to as a model system for experimental and theoretical studies of graphene. For instance, hydrogen adsorption,^[@ref29]^ hydrogenation,^[@ref30]^ anion···π interactions in oxoanion--graphene complex,^[@ref31]^ and electronic properties^[@ref32]^ have been studied using coronene as a model system for graphene. Indeed, electrochemical studies of coronene were rarely reported in the literature. In 1996, Jia et al. first observed the redox activity of coronene derivative, tetrathiafulvalene (TTF)-fused coronene, due to one electron transfer of its radical species at *E*°′ = 0.6 V vs ferrocene/ferrocenium ion in organic medium on the Pt electrode surface.^[@ref33]^ In 1996, Yoshida et al. reported a coronene cationic species GaCl~2~ cystalline salt, (coronene)~5~(GaCl~4~)~2~, prepared by the galvanostatic electrochemical oxidation of coronene in the presence of GaCl~4~^--^ anion, in dichloromethane/methanol mixed solution.^[@ref34]^ A cystallographic investigation of the (coronene)~5~(GaCl~4~)~2~ salt reveals the existence of π-stacking columns of coronene cationic species in a zigzag manner in that molecular system.^[@ref34]^ In line with this context, in 2014 and 2019, Yoshida et al. prepared (coronene)~3~Mo~6~Cl~14~ and (coronene^•+^)(FeBr~4~^--^) salts and demonstrated the three-dimensional (3D) molecular conducting behavior (electron hopping process) of the cationic radical species.^[@ref35],[@ref36]^ The background and origin of those research works is alkali-metal-ion (A)-doped fullerene, A~3~C~60~, which exhibit a π-conjugated network structure of the C~60~ radical anion moiety.^[@ref37]^ Interestingly, first time in this work, a unique redox property of coronene molecule, due to the existence of coronene cation radical species, after being π-self-assembled on carbon nanomaterial-modified glassy carbon electrode and performed an electrochemical oxidation reaction at 1.2 V vs Ag/AgcCl in pH 2 KCl--HCl solution, was demonstrated. The redox peak was found to be highly symmetrical (tested by the cyclic voltammetry technique) and showed enzyme-free reduction of hydrogen peroxide in neutral pH solution. The aim and objective of this work are to explore the unique redox activity of the coronene self-assembled carbon nanomaterial for electrochemical application.

2. Results and Discussion {#sec2}
=========================

2.1. Electrochemical Behavior of Coronene on Carbon Nanomaterial {#sec2.1}
----------------------------------------------------------------

Initial experiments were carried out using GMC as a base material since it has attractive physical properties like graphitic units, high surface area, mesoporous structure, and favorable holding of macromolecules like coronene. Curve a in both [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B shows 10 continuous CV responses of coronene-adsorbed glassy carbon electrode, GCE/Cor~ads~, and unmodified GCE/GMC, respectively, in pH 2 KCl--HCl solution. As can be seen, there is no faradic electron-transfer activity on the modified systems indicating the nonamenable electrochemical characteristic of coronene molecule and GMC, respectively, under independent condition. The superaromatic activity (nonconducting) with rigid molecular network structure is a likely reason for the failure (coronene). Interestingly, when the coronene molecule was adsorbed on GCE/GMC, i.e., GCE/GMC\@Cor~ads~, and performed continuous CVs in pH 2 KCl--HCl, a well-defined growth like redox current pattern at an apparent standard electrode potential *E*°′ = 0.235 ± 0.005 V vs Ag/AgCl (A1/C1) was noted ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, curve b). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B shows 10 continuous CV responses of the electrochemically treated GCE/GMC\@Cor~ads~, showing a stable response with a peak-to-peak potential difference (Δ*E*~p~= *E*~pa~ -- *E*~pc~, where *E*~pc~ and *E*~pc~ are anodic and cathodic peak potentials, respectively) of ∼0 V. The calculated surface excess value is Γ~Cor-Redox~ = 10.1 × 10^--9^ mol cm^--2^. Hereafter, the coronene chemically modified electrode is designated as GCE/GMC\@Cor-Redox.

![(A) Forty continuous CV responses of GCE/GMC (a) and GCE/GMC\@Cor~ads~ (b), where ads = adsorbed in pH 2 KCl--HCl at *v* = 50 mV s^--1^. (B) Twenty continuous CV responses of GCE\@Cor~ads~ (a) and GCE/GMC\@Cor-Redox (b) in pH 2 KCl--HCl solution.](ao0c01258_0001){#fig1}

In general, redox-mediated chemically modified electrodes show a large potential difference in Δ*E*~p~,^[@ref18],[@ref38],[@ref39]^ which may be due to inhomogeneity, finite mass and charge transport, and structural and resistive changes in the film.^[@ref39]^ On the other hand, a perfect bell-like redox peak response with Δ*E*~p~ ∼ 0 V noted in this work attributes a strong adsorption and minimum resistive change of the electroactive coronene molecule on the chemically modified electrode.

The effect of scan rate showed a regular increase in the anodic and cathodic peak currents against an increase in the scan rate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The plot of *i*~pa~ and *i*~pc~ vs *v* is found to be linear starting from the origin point, due to the surface-confined electron-transfer activity of the coronene redox peak ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A shows the effect of solution pH on the CV response of the modified electrode. A plot of *E*°′ vs pH showed a linear line with a negative slope, −56 ± 2 mV pH^--1^ due to the proton-coupled electron-transfer activity of the redox peak with the involvement of the Nernstian type of *E*--pH behavior, i.e., −60 mV pH^--1^. Based on literature reports,^[@ref33]−[@ref36]^ the key site of electroactive coronene generated on the modified electrode is proposed as a cationic radical species. At this stage, it is difficult to predict the molecular structure of the coronene cationic radical species using a spectroscopic technique like GC--MS, due to the instability of the intermediate species without the carbon matrix. Moreover, since the amount of Cor-Redox species formed on the surface is about the nanogram level, it is difficult to perform a nuclear magnetic resonance (NMR)-based characterization study that requires sample about the milligram level. To solve this problem and to find out the true active redox species of the coronene, several critically designed control experiments and physicochemical characterizations of the chemically modified electrode were performed.

![Effect of CV scan rate on GCE/GMC\@Core-Redox in pH 2 HCl/KCl (A) and its *i*~pa~ and *i*~pc~ vs scan rate plot (B).](ao0c01258_0005){#fig2}

![Effect of solution pH on the CV response (two cycles) of GCE/GMC\@Cor-Redox at *v* = 50 mV s^--1^ (A). Plot of *E*°′ vs pH (B).](ao0c01258_0006){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A shows the CV responses of GCE/GMC\@Cor~ads~ at different potential windows. Freshly prepared electrodes were used for this purpose. Experiments were performed to understand the effect of applied potential on the preparation of GMC\@Cor-Redox system. In this CV experiment, the starting cathodic potential was fixed at −0.2 V and the anodic potential was varied as 1.2 V (a), 1.0 V (b), 0.9 V (c), 0.8 V (d), 0.7 V (e), and 0.6 V vs Ag/AgCl (f). It is obvious to see an emergence of A1/C1 redox peak, only when the anodic potential is swept to 1.2 V vs Ag/AgCl (curve a). To substantiate the observation, discrete potentiostatic polarization experiments at various sets of applied potentials (*E*~app~) from 0.6 to 1.2 V vs Ag/AgCl were carried out with GCE/GMC\@Cor~ads~. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B is a plot of *i*~pa~ (A1 peak) vs *E*~app~, wherein ∼100 times higher A1 peak current value, when *E*~app~ is set at 1.2 V vs Ag/AgCl, over the current response measured at *E*~app~ = 0.8 V, was noted. This observation attributes a specific role of the high anodic potential, 1.2 V, vs Ag/AgCl on the surface-bound oxidation of coronene on GMC. Note that at a high applied potential, 1.2 V vs Ag/AgCl, the oxidation of water to dioxygen via hydroxy radical formation reaction is significant.^[@ref40],[@ref41]^ It is likely that at a high oxidation potential, hydroxyl radical-like intermediate species are formed on the interface^[@ref41]^ and assisted the oxidation of the surface-confined coronene molecule to coronene radical species (A1/C1 redox peak). This observation is correlated with the literature reports of reactive oxygen species (ROS)-assisted one-electron oxidation of polyaromatic hydrocarbon to respective cation radical species.^[@ref42],[@ref43]^ Based on this information, it is proposed that the coronene molecule oxidized to coronene cationic radical intermediate species (Coronene^+•^) on the surface of carbon nanomaterial and showed a redox peak at *E*°′ = 0.235 V (A1/C1). The additional peaks noted at *E*°′ = 0.2 V (A1′/Cl′) and 0.7 V vs Ag/AgCl (A2/C2) are proposed as redox responses of coronene at energetically different carbon sites. A similar kind of multiple peak observation was noted when anthraquinone is adsorbed on the MWCNT-modified GCE electrode.^[@ref44]^

![Effect of potential scan direction on the CV response of GCE/GMC\@Cor~ads~ in pH 2 HCl/KCl at *v*= 50 mV s^--1^. Fresh prepared electrodes were used for each scan. (A) *E*-cycling experiments with a fixed cathodic potential, −0.2 V, and varying anodic potentials: (a) 1.2 V, (b) 1.0 V, (c) 0.9 V, (d) 0.8 V, (e) 0.7 V, and (f) 0.6 V vs Ag/AgCl. (B) Effect of applied potential (*E*~app~) on the potentiostatic preparation of GCE/MWCNT\@Cor-Redox in pH 2 HCl/KCl.](ao0c01258_0007){#fig4}

With the aim to understand the effect of carbon surface functionalities like graphitic unit, oxygen functional group, and porous structure, various carbon materials like graphite nanopowder (GNP), graphene oxide (GO), carbon nanofiber (CNF), multiwalled carbon nanotube (MWCNT), and single-walled carbon nanotube (SWCNT) were subjected to coronene electrochemical oxidation reaction and the respective GCE/carbon\@Cor-Redox chemically modified electrode formation. As can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, except CNF and SWCNT cases, other carbon matrices showed qualitatively similar voltammetric responses. Based on the surface excess value (Γ~Cor-Redox~), the order of carbon for the Cor-Redox peak formation was sequenced as follows: GMC (10.1 × 10^--9^ mol cm^--2^) \> GNP (4.2 × 10^--9^ mol cm^--2^) \> MWCNT (2.7 × 10^--9^ mol cm^--2^) \> GO (0.08 × 10^--9^ mol cm^--2^) \> CNF (0.07 × 10^--9^ mol cm^--2^) \> SWCNT (0.001 × 10^--9^ mol cm^--2^). From the collective information obtained from experimental observations, the following conclusions were made: (i) multilayer graphitic structure is necessary for the coronene electrochemical oxidation reaction. Presumably, there is a strong π--π interaction between the graphite structure and aromatic carbons of corenene, i.e., diffusion-restricted electrochemical oxidation reaction. (ii) Carbon--oxygen functional groups such as hydroxyl, carboxylic acid, phenolic, alcoholic, and ether are not favorable for the Carbone\@Cor-Redox formation. It is likely that the oxygen functional groups quench the coronene cationic radical species, thereby reducing the redox activity. (iii) The porous structure of GMC helped in rich surface confinement of the Cor-Redox system in addition to the π--π interaction. Since the GMC material showed the best response for Cor-Redox behavior, it has been chosen as a model system for further investigation.

![(A--F) CV responses of various carbon nanomaterials surface-confined Cor-Redox-modified GCEs in pH 2 HCl/KCl at a scan rate of 50 mV s^--1^. (G) Plot of Γ~Cor-Redox~ vs GCE/Carbon\@Core-Redox. GNP = graphite nanopower; GO= graphene oxide; GMC= graphitized mesoporous carbon; CNF= carbon nanofiber; MWCNT = multiwalled carbon nanotube; and SWCNT= single-walled carbon nanotube.](ao0c01258_0008){#fig5}

2.2. Physicochemical Characterizations {#sec2.2}
--------------------------------------

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A shows a comparative Raman spectroscopic response of GMC and GMC\@Cor-Redox. Unmodified GMC showed Raman signals at 1350 and 1550 cm^--1^ corresponding to the disordered (D, sp^3^ carbon network) and ordered graphitic (G, sp^2^ carbon network) structures of the carbon material. The calculated intensity ratio, *I*~D~/*I*~G~ = 1.8, indicates an appreciable graphitic network structure with the GMC. After the Cor-Redox modification, the intensity of the D band signal is found to be unaltered (*I*~D~/*I*~G~ = 1.8). This observation reveals the retention of the graphitic structure of the GMC\@Core-Redox and GMC systems. Initially, it was thought that coronene is oxidized to coronene-quinone like a molecule similar to our previous work on the oxidation of anthracene to anthraquinone on the MWCNT surface,^[@ref45]^ which shows a marked improvement in the D signal due to the conversion of sp^2^ to sp^3^ carbon formation.^[@ref46]^ The Raman spectroscopic result of unalteration in the graphitic structure rolled out the possibility of the coronene-quinone like molecular formation in this work. Further, to probe the molecular structure details, FTIR spectroscopy of GMC\@Cor-Redox was carried out in comparison to GMC and coronene as control samples. Specific IR signals for hydroxyl functional group (3500 cm^--1^) and CH=CH~2~ (3005, 1605, 1500, and 1307 cm^--1^) sites with GMC and −CH=CH~2~ functional group (3005, 1882, 1597, 1132, and 859 cm^--1^) with coronene molecule were noted ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B).^[@ref47]^ Interestingly, the IR spectra of GMC\@Cor-Redox showed signals corresponding to the individuals of both GMC and coronene molecules without any new and addition peak formation. This observation confirms the existence of a native-like form of the coronene molecule, i.e., coronene cation radical species, without any quinone functional group formation (peak at ca. 1650--1750 cm^--1^). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A--D shows comparative transmission electron microscopy (TEM) images of pristine GMC, GMC\@Cor~ads~ (before CV experiment), and GMC\@Cor-Redox (after the experiment) at different magnifications. The GMC\@Cor~ads~ sample showed bulk dark spots like an image, whereas GMC\@Cor-Redox (after CV experiment) showed the dark spots concentrated on the fine edges of the GMC. The dark spots noted are the sites of the Cor-Redox molecules that have been π-self-assembled on the graphitic base of the GMC. It is obvious to see the fringes of the graphitize layer even after the Cor-Redox modification supporting the π-self-assembly and stacking of the Cor-Redox on the graphitic underlying structure.

![Comparative (A) Raman and (B) FTIR spectroscopic responses of GMC\@Cor-Redox sample along with other controls.](ao0c01258_0009){#fig6}

![TEM images of GMC (A), GMC\@Cor~ads~ (before CV experiment) (B), and GMC\@Cor-Redox at different magnifications (C, D). Cor~ads~ = coronene adsorbed.](ao0c01258_0010){#fig7}

2.3. Electrochemical Characterization {#sec2.3}
-------------------------------------

The electronic property of the GMC\@Core-Redox system was tested by subjecting it with a standard redox couple in homogeneous condition as a model system. In the literature, the ferricyanide/ferrocyanide redox couple has been widely used as a tool, wherein the dependence of the electronic structure and conductivity and the alteration in the redox peak current were noted.^[@ref47],[@ref48]^ Since *i*~pa~ or *i*~pc~ ∝ electrochemical accessible surface area, according to the Randles--Sevcik equation,^[@ref39]^ if Cor-Redox has electronic property, then a significant increment in the redox current response and decrement in Δ*E*~p~ will be noted. On the other hand, the absence of any such alteration in the current and Δ*E*~p~ response can be referred to as the absence of electronic property of the modified electrode. Note that coronene is an example of the insulator type of organic molecule. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A shows a comparative CV response of GCE/GMC\@Cor-Redox and GCE/GMC with 5 mM Fe(CN)~6~^3--^ in pH 2 KCl--HCl solution. A well-defined redox peak for the reversible electron-transfer feature of Fe^III/II^(CN)~6~^3--/4--^ was obtained. Indeed, due to the closer *E*°′ potentials, both Cor-Redox (*E*°′ = 0.235 V vs Ag/AgCl) and Fe(CN)~6~^3--^ (*E*° = 0.315 V vs Ag/AgCl) signals overlapped and showed a single redox signal at *E*° = 0.275 V vs Ag/AgCl. Note that the obtained *E*°′ value of the ferricyanide/ferrocyanide redox couple on GCE/GMC\@Cor-Redox (0.275 V) is in between the values of GCE/GMC\@Cor-Redox (0.235 V) and GCE/GMC + ferricyanide (*E*° = 0.25 V). In addition, GCE/GMC\@Cor-Redox showed about 10% increment in the peak current compared to other peak current signals ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). This observation reveals a mixed-potential mechanism of the electrochemical reaction,^[@ref49]^ wherein the individual electron-transfer systems Cor-Redox and Fe(CN)~6~^3--^ interacted with each other. The mixed-potential mechanism is a common phenomenon in corrosion reactions.^[@ref50],[@ref51]^

![Comparative CV (A) responses of GCE\@GMC (a) and GCE/GMC\@Cor-Redox without (c) and with 5 mM Fe(CN)~6~^3--^ (b) in pH 2 HCl/ KCl at 10 mV s^--1^ vs Ag/AgCl. (B) Comparative EIS responses of GCE (a), GCE/GMC\@Cor-Redox (b), and GCE\@GMC (c) with 5 mM Fe(CN)~6~^3--^ in pH 2 HCl/KCl at a biased potential. 0.25 V vs Ag/AgCl.](ao0c01258_0011){#fig8}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B shows electrochemical impedance spectroscopic responses of GCE/GMC\@Cor-Redox and GCE/GMC with a 5 mM Fe(CN)~6~^3--^ system at pH 2 KCl--HCl. Defined semicircles, which are due to the charge-transfer (*R*~CT~) characteristic of the systems, were noted. Based on the Randles circuit, calculated R~CT~ values for ferricyanide oxidation at GCE, GCE/GMC, and GCE/GMC\@Cor-Redox are 1611, 161.3, and 135.8 Ω, respectively. The observation of the lowest *R*~CT~ value (135.8 Ω) with GCE/GMC\@Cor-Redox compared to other systems indicates enhanced electronic and surface properties of GCE/GMC\@Cor-Redox.^[@ref52]^ The existence of coronene radical cationic species is the reason for the observation. To substantiate the result, a radical scavenger, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl, TEMPO, has been examined with the GCE/GMC\@Cor-Redox system. Curve a in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows a control CV response of GCE/GMC with 500 μM TEMPO in the N~2~-purged pH 2 KCl--HCl solution. An irreversible reaction followed by redox electron-transfer process due to the aminoxy anion/TEMPO radical (I) and TEMPO radical/oxoammonium cation (II/III) electrochemical reactions, respectively,^[@ref53]^ was noted. When the same experiment was carried out on GCE/GMC\@Cor-Redox, a marked reduction in the irreversible signal due to quenching of Cor-cationic radical species by TEMPO radical was observed. Note that similarly to the ferricyanide redox system, TEMPO electron-transfer behavior is also found to overlap with the Cor-Redox process due to the mixed-potential mechanism. These observations reveal the existence of cationic radical-redox species with the Cor-Redox system^[@ref33]−[@ref36]^ rather than the dielectric behavior of the natural coronene.

![CV response of (a) GCE/GMC with 500 μM TEMPO and GCE/GMC\@Cor-Redox without (b) and with 500 μM TEMPO (c) in N~2~ purged in pH 2 HCl/KCl at *v* = 50 mV s^--1^. The insets show the electrochemical reactions of TEMPO.](ao0c01258_0012){#fig9}

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the typical X-ray photoelectron spectroscopy (XPS) analysis data for GMC\@Cor-Redox in comparison to the GMC\@Cor~ads~ system. Core energy levels C 1s and O 1s were considered for the comparison. A marked signal at binding energy (BE) = 284.6 eV, which is due to sp^2^ and sp^3^ carbons of GMC, was noted. In addition, minor fractions due to carbonyl (\>C=O) and alcohol/phenol (−C--OH/Ph-OH) at BE = 285.4 and 287.4 eV, respectively, were also noted.^[@ref54]^ This observation was reflected in characteristic BE values of O 1s core energy at 531.3 and 532.4 eV, respectively (1).^[@ref55]^ XPS characterization data of the electrochemically oxidized GMC\@Cor~ads~, i.e, GMC\@Cor-Redox, showed a unique pattern ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b). It was found that the C 1s signals remained constant (data in parallel with Raman spectroscopic results), whereas the O 1s signal increased markedly at BE = 532.9 eV. A similar kind of observation was reported previously by Herrmann-Geppert et al. for the plasma-treated a-Fe~2~O~3~ (hematite) film for the oxygen gas evolution reaction and it has been revealed that new oxygen species like oxy hydroxyl radical-like OH species are formed/trapped on the surface.^[@ref56]^ Presumably, at a high applied potential of preparation, 1.2 V vs Ag/AgCl ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}), water molecules oxidized as the oxygen molecule via oxy and hydroxyl radical intermediates and further involved in the electrochemical oxidation of corenene to corenene-cationic radical species (Cor-Redox) on the modified electrode surface ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}C). Based on the results, the unusual O 1s species identified in the XPS analysis is correlated to the oxy/hydroxyl radical species stabilized/trapped on the GMC-modified electrode surface without affecting the graphitic network structure.

![XPS characterization data of SPE/GMC\@Cor~ads~ (a) and SPE/GMC\@Cor-Redox (b) systems. (A) Survey scan, (B) C 1s, and (C) O 1s energy-level diagrams.](ao0c01258_0002){#fig10}

![Cartoons Illustrating (A) GMC and Graphene Subunit, Coronene (Cor); (B) Physisorption of Cor as π-Stacking on Graphitic Surface of GMC-Modified GCE, GCE/GMC\@Cor~ads~; (C) Electrochemical Reaction-Assisted Oxidation of the Surface-Confined Coronene, GCE/GMC\@Cor~ads~ to Redox-Active Compound, GCE/GMC\@Cor-Redox via Hydroxyl Radical Species Formed on Oxygen Evolution Reaction; and (D) Electrocatalytic Reduction of H~2~O~2~ by the GCE/GMC\@Cor-Redox in pH 7 Phosphate-Buffered Saline](ao0c01258_0013){#sch1}

To understand the unique surface property, GCE/GMC\@Cor-Redox was further explored by the scanning electrochemical microscope (SECM) technique coupled with the ferricyanide/ferrocyanide redox system in pH 2 KCl--HCl. For that, a GMC\@Cor-Redox layer was formed on an SECM--Au working electrode substrate according to the procedure shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. A 10 μm Pt ultramicroelectrode has been used as a Tip for the SECM measurements. A feedback mode SECM technique, wherein the tip current was obtained due to the counter reaction of substrate (Sub), was adopted (under bipotentiostatic condition) ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A). Prior to the studies, interrelated potential parameters were optimized as *E*~sub~ = 0.2 V (where Fe^III^(CN)~6~^3--^ + e^--^ → Fe^II^(CN)~6~^4--^) and *E*~Tip~ = 0.4 V vs Ag/AgCl (where Fe^II^(CN)~6~^4--^→ Fe^III^(CN)~6~^3--^ + e^--^) using the approach curve method. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A,B shows the comparative SECM morphology images of the Au/GMC\@Cox-Redox and Au/GMC (control) systems. A flat surface-active layer-like response with an enhanced current signal, which may be due to the surface cationic/oxygen radical species, was noted with the GCE/GMC\@Cox-Redox system. It is likely that since the Cor-Redox is immobilized on GMC via strong multilayer π--π interactions uniformly, there is no specific signal for the pores and redox sites of GMC\@Cor-Redox. This qualitative information supports the enhanced electronic function of GMC\@Cor-Redox.

![Scanning electrochemical microscope results. (A) Cartoon of the feedback current signal from the SECM experiment. Typical SECM hotspot images of (B) Au/GMC\@Cor-Redox and (C) Au/GMC (control) by 10 μm Pt tip, when the substrate is conditioned at 0.2 V vs Ag/AgCl and *E*~Tip~= 0.4 V vs Ag/AgCl in pH 2 KCl--HCl solution.](ao0c01258_0003){#fig11}

### 2.3.1. Electrocatalytic Reduction of Hydrogen Peroxide {#sec2.3.1}

In addition to electrochemical characterization, GCE/GMC\@Cor-Redox is subjected to redox probe-sensitive electrocatalysis experiment in pH 7 phosphate-buffered saline ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}A). Previously, our group used the redox probe characterization technique to identify some of the specific oxidation states of ruthenium, (VI/IV) and (VII/IV), using formaldehyde and glucose oxidation reactions, respectively.^[@ref57]^ In this work, to verify the existence of redox-active 1,2-dihydroxy and 1,4-dihydroxy benzene derivatives of coronene, a selective organic probe, cystein, was subjected to electrochemical study.^[@ref38]^ Note that 1,2-dihydroxy and 1,4-dihydroxy benzene derivatives involved in the proton-coupled electron-transfer reaction for the formation of respective quinone, which can mediate the chemical oxidation of cysteine molecules. The absence of CySH electrocatalysis can be indirectly considered as evidence for the absence of any dihydroxy benzene functional group. The CV response of the GCE/GMC\@Cor-Redox system with and without 1 mM CySH showed nil peak current increment confirming the absence of any hydroxyl functional group with the Cor-Redox system ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}B). On the other hand, GCE/GMC\@Cor-Redox showed a profound mediated reduction signal to hydrogen peroxide without any dissolved oxygen interference ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}C). The mechanism proposed here is due to the coronene cationic radical-mediated reaction, as displayed in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}D and the inset of [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}C. It is noteworthy that organic redox molecules have been rarely reported for the mediated reduction of hydrogen peroxide without the support of protein such as cytochrome *c*, peroxidase, and hemoglobin in a neutral solution.^[@ref58]^ Indeed, metal and its derived compounds are proven for the H~2~O~2~ interaction.^[@ref59]^ The specific electrocatalytic observation demonstrated in this work not only evidences the radical quenching reaction similar to TEMPO but also the high significance of biomimicking electrocatalytic reduction and sensing of H~2~O~2~ in physiological condition. Overall, the Cor-Redox peak observed in this work is a novel observation in material science and has beneficial effects in a variety of electrochemical fields.

![CV responses of (A) GCE/GMC\@Cor-Redox at *v* = 50 mV s^--1^ and GCE/GMC\@Cor-Redox at *v*= 10 mV s^--1^ with (b) and without 500 μM CySH (a). (B) CySH and (C) H~2~O~2~ in pH 7 phosphate-buffered saline (PBS). Curve c shows control CV responses of GCE/GMC with respective analytes. The inset in (C) is a cartoon for the Cor-Redox cation radical quenching-based electrocatalytic reduction of H~2~O~2~.](ao0c01258_0004){#fig12}

3. Conclusions {#sec3}
==============

Electrochemical oxidation of coronene on graphitic mesoporous carbon (GMC)-modified glassy carbon electrode showed the emergence of a unique redox peak at *E*°′ = 0.235 V vs Ag/AgCl in a pH 2 KCl--HCl solution. The redox peak is found to be adsorption-controlled and proton-coupled electron transfer in nature. It is important to note that a highly symmetrical behavior of the redox peak, wherein the peak-to-peak potential separation is nearly 0 V, due to the efficient self-assembly of the redox-active coronene molecule on the graphitic structure of GMC, was noted. The effect of potential window on the electrochemical oxidation of GCE/GMC\@Coronene~ads~ showed the specific influence of the high applied potential, 1.2 V, vs Ag/AgCl on the oxidation of the coronene. The investigation of Cor-Redox peak formation on various carbon materials indicated that the existence of graphitic layer without any oxygen surface functional is a favorable condition for a successful preparation. Based on the experimental observation and literature reports, it has been proposed that upon high-potential oxidation (1.2 V), the water molecule gets oxidized to dioxygen along with hydroxyl radical intermediate species that oxidize the surface-confined coronene as a coronene cationic radical species. The following evidences were provided in this manuscript for the radical species: (i) appearance of a redox peak of the coronene, (ii) radical quenching species, TEMPO interaction on this new system, (iii) a new XPS characterization support for the appearance of radical-like species on the surface, and (iv) electrochemical-mediated reduction of OH radical from H~2~O~2~ by coronene cationic radical species. The existence of a strong π--π interaction between the graphitic structure of GMC and aromatic π-electrons of coronene and its diffusion-restricted oxidation reaction are the key steps for the success of the oxidation reaction. The GMC\@Cor-Redox system was subjected to Raman, IR, XPS, TEM, and control electrochemical characterization studies including scanning electrochemical microscope imaging with ferricyanide as a redox probe and electron-scavenging redox probe, TEMPO. Collective information from the experiments confirmed that Cor-Redox is π-self-assembled on the graphitic structure of GMC and cationic radical species is an electroactive site for the redox reaction. This is the first study on the selective electrocatalytic reduction of hydrogen peroxide by redox-active organic molecule, where Cor-Redox in physiological solution has been demonstrated with results comparable to those of peroxidase enzyme biocatalytic reaction. Overall, coronene cationic radical species-based symmetrical redox system and its bioelectrocatalytic reduction of H~2~O~2~ are new observations in this work. Note that the coronene oxidation reaction was studied as a model electrochemical reaction on carbon material surface. We have to carry out bulk synthesis of the electrochemical reaction.

4. Experimental Section {#sec4}
=======================

4.1. Reagents {#sec4.1}
-------------

Coronene (97% purity), MWCNT (\> 90% carbon basis, outer diameter: 10--15 nm; inner diameter: 2--6 nm; length 0.1--10 μm), single-walled carbon nanotube (SWCNT; 60--70% pure-on carbon basis, 0.7--1.1 nm diameter, 5.2 wt % metal impurities (Co, Fe, Ni)), graphitized mesoporous carbon (GMC; 99.95% purity, ∼50 nm pore size, \>200 m^2^ g^--1^ surface area), graphitized carbon nanofiber (CNF; 99.9 wt %---on the carbon basis, 100 nm × 20--200 μm), and graphite nanopowder (GNP; 400 nm size, 98% purity) were purchased from Sigma-Aldrich. Screen-printed carbon electrodes (0.3 mm diameter) were obtained as a gift from Prof Jyh-Myng Zen, Taiwan. Unless otherwise stated, 0.1 M pH 2 KCl--HCl (for preparation) and pH 7 phosphate-buffered saline (PBS, for electroanalytical application) have been used as supporting electrolytes.

4.2. Instrumentation {#sec4.2}
--------------------

Electrochemical measurements were all carried out using a CHI760D electrochemical workstation. A three-electrode system consisted of glassy carbon electrode (GCE) as the working electrode (0.0707 cm^2^), Ag/AgCl as the reference electrode, and Pt wire as the auxiliary electrode was used. The Bioanalytical Systems (BAS) Polishing Kit was used to polish the GCE surface. A JASCO 4100 spectrophotometer instrument was used for the FTIR analysis (by the KBr method). A HORIBA XploRA instrument, France, was used for the Raman spectroscopic analysis of the modified electrodes at a fixed wavelength of 532 nm. A PHI VersaProbe II instrument was used for the X-ray photoelectron spectroscopy analysis. For internal XPS data calibration, a binding energy (BE) of 284.6 eV was used. XPS peak fitting software was adopted for the deconvolution of the XPS data. For scanning electrochemical microscopy (SECM) studies, Princeton Applied Research, VersaSCAN Instrument, coupled with a 0.196 cm^2^ Au substrate (5 mm diameter) and a 5 μm Pt tip under a bipotentiostat condition, was used. The position of the Pt tip against the SECM--Au substrate was fixed from an approach curve in the feedback mode, obtained by moving the Pt tip position at a speed of 1 μm s^--1^ in the *z* axis direction at a potential of 0.5 V vs Ag/AgCl, wherein the diffusion-controlled redox reaction occurred (ferricyanide + e^--^ →ferrocyanide). The surface concentration, Γ~Cor-Redox~, of the electroactive Cor-Redox species responsible was calculated using the equation Γ~Cor-Redox~ = *QnFA*~e~, where *Q* is the charge, obtained by integrating the anodic redox peak area by cyclic voltammetry at a slow scan rate of 10 mV s^--1^, in pH 7 PBS; *n* is the number of electrons transferred (1 in the present case), and *A*~e~ is the electrode geometric area (0.0707 cm^2^).

4.3. Preparation of the Coronene-Immobilized Carbon Nanomaterial-Modified Electrode {#sec4.3}
-----------------------------------------------------------------------------------

Although there is no qualitative difference in the electrochemical behavior, it is advised to recrystallize the coronene in benzene and use it for electrochemical studies. First, the surface of GCE was cleaned both mechanically and electrochemically by polishing with 0.5 μm Al~2~O~3~ powder, washing with double-distilled water, followed by performing 10 continuous CV experiments in the potential window of −0.2 to 1 V vs Ag/AgCl at a scan rate (*v*) of 50 mV s^--1^ in pH 7 PBS. Then, the GCE/GMC-modified electrode, as an optimal system, was prepared by drop-coating 5 μL of an ethanol suspension containing 2 mg of GMC dissolved in it on a cleaned GCE surface and drying the electrode in air for 3 ± 1 min at room temperature (25 ± 2 °C). Further, the GCE/MWCNT\@Cor-Redox chemically modified electrode was prepared by following a two-step procedure ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Step 1: 5 μL of 2 mg coronene + 500 μL ethanol solution was drop-cast on the GCE/GMC surface, followed by drying the electrode in air at room temperature for 3 ± 1 min. Step 2: The modified electrode was potential-cycled in a window of −0.2 to 1.2 V vs Ag/AgCl at *v* = 50 mV s^--1^ for 20 continuous CV cycles in pH 7 PBS. Overall, 40 ± 2 min is required to prepare the GCE/GMC\@Coronene-modified electrode.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01258](https://pubs.acs.org/doi/10.1021/acsomega.0c01258?goto=supporting-info).CV response of benzene solvent-purified coronene response on GCE/GMC-modified electrode in pH 2 KCl--HCl (Figure S1) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01258/suppl_file/ao0c01258_si_001.pdf))
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GMC

:   graphitized mesoporous carbon

Cor

:   coronene

Cor-Redox

:   coronene redox system

SECM

:   scanning electrochemical microscope

GNP

:   graphite nanopowder

MWCNT

:   multiwalled carbon nanotube

SWCNT

:   single-walled carbon nanotube
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